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In this report we demonstrate a novel concept for a planar cavity polariton beam amplifier using
non-resonant excitation. In contrast to resonant excitation schemes, background carriers are injected
which form excitons, providing both gain and a repulsive potential for a polariton condensate. Using
an attractive potential environment induced by a locally elongated cavity layer, the repulsive poten-
tial of the injected background carriers is compensated and a significant amplification of polariton
beams is achieved without beam distortion.
I. INTRODUCTION
Since the first unambiguous demonstration of polari-
ton condensates in semiconductors1, microcavity polari-
tonics has gained much attention as this field of research
is an appealing platform for the realization of artificial
functional potentials and band structures2–6, novel en-
ergy efficient light sources7,8 and logic circuits9–11. For
the latter, significant progress was achieved recently as
all-optical, cascadable transistor operation of resonantly
excited polariton fluids12 as well as the realization of
waveguides by background carrier injection using non-
resonant optical excitation13 were demonstrated. How-
ever, a further requirement is the possibility to amplify
polaritons to allow for signal transmission over macro-
scopic distances as the invention of erbium-doped fiber
amplifiers has demonstrated long range communication
using optical fibers14.
A convenient way to realize amplification of propa-
gating polaritons lies in blue-detuned pumping of large
sample areas with excitation power below the bistabil-
ity threshold in combination with a local injection of
a polariton fluid on the upper branch of the bistabil-
ity curve15–17. However, this approach requires rather
large laser power, a careful selection of excitation an-
gle and energy and is not feasible for electrical pumping.
Another possibility for amplification is the injection of
background carriers which act as gain medium for a po-
lariton condensate18. Moreover, background carriers also
provide a repulsive potential mediated by Coulomb inter-
action causing the deflection of a polariton condensate.
On the one hand this can be exploited for the generation
of waveguides13, but on the other hand it is detrimental
when solely signal amplification is required. For suppres-
sion of beam deflection by background carriers the polari-
ton condensate can be generated in a one-dimensional
photonic wire11,18,19. However, this approach does not
allow for a modification of the flow direction at will and
the maximum gain achievable is limited due to Coulomb
repulsion by background carriers. Here, we demonstrate
that polariton traps buried in a two-dimensional micro-
cavity can be used to compensate the repulsive inter-
action between the condensate and background carriers.
Thereby, the propagating polariton condensate is ampli-
fied without beam deflection.
II. EXPERIMENTAL DETAILS
For the experiments presented here, two different sam-
ples were studied: First, a planar GaAs-based microcav-
ity with a Rabi splitting of 9.5 meV which is used as a
reference sample for the demonstration of polariton beam
scattering mediated by background carriers. Further de-
tails on the sample can be found in Ref. 13. Second,
a GaAs-based microcavity sample with a Rabi splitting
of 11.5 meV containing circular-shaped regions with an
elongated microcavity layer used for the demonstration
of amplification of a directed polariton beam without de-
flection by background carriers. Here, regions where the
microcavity is elongated provide an attractive trapping
potential of 4 − 5 meV depending on the exciton-cavity
detuning. Further details on the sample fabrication can
be found in Ref. 20.
The experimental setup is analogous to the one used
in Ref. 13: a directed polariton beam is realized un-
der non-resonant excitation using a spatial light modu-
lator (SLM), which allows for excitation with arbitrarily
shaped laser spots3. A second Gaussian shaped laser
beam, originating from the same femtosecond-pulsed
Titanium-Sapphire laser (repetition rate 75.39 MHz) is
focused onto the sample under normal incidence with
a full width at half maximum (FWHM) of approxi-
mately 2 µm. This beam injects additional background
carriers in the sample which form excitons that act as a
gain medium for the polariton beam.
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FIG. 1. (Color online) Excitation pattern applied for the
experiments. A laser spot consisting of two concentric semi-
circles is imprinted onto the sample for the generation of a
directed polariton beam. A repulsive potential mediated by
background carriers created by a Gaussian laser spot allows
for the realization of beam amplification experiments.
III. RESULTS AND DISCUSSION
We have performed the amplification experiment in the
planar microcavity reference sample first to provide un-
ambiguous evidence for the beneficial effect of polariton
traps for signal amplification. Fig. 1 shows the excita-
tion pattern used for the experiments. Two concentric
semi-circle shaped laser spots, ca. 10 µm and 15 µm
in diameter, respectively, are imprinted on the sample
using the SLM. At the location of the excitation laser
spot, background carriers are created, which provide a re-
pulsive potential for the polariton condensate21–23. The
purpose of this excitation pattern is to realize a trap-
ping of the polariton condensate between the semi-circle
shaped background carrier reservoirs and to generate a
directed polariton beam leaving the trap through the
open apertures13 like in a chicane. In addition, a reser-
voir of background carriers is imprinted on the sample
roughly 12 µm away from the right aperture of the po-
lariton chicane by the Gaussian laser spot. The exciton-
cavity detuning at the investigated sample position is
δ = −24.7 meV, which corresponds to an excitonic frac-
tion of the LP of 3−4% in the range of momenta studied
here.
The polariton beam trajectories for the excitation pat-
tern presented in Fig. 1 are depicted in Fig. 2 for four dif-
ferent excitation power levels of the Gaussian laser beam.
Fig. 2 (a) refers to a blocked Gaussian laser beam. Here,
an undisturbed polariton beam leaving the right aper-
ture of the trap can be observed. Fig. 2 (b)-(d) show
the polariton trajectories when the Gaussian laser beam
is turned on. On the one hand, there is clear evidence
for an amplification of the polariton beam by the back-
ground exciton reservoir. On the other hand, however,
even at low power of the Gaussian laser spot, the polari-
ton beam is scattered at the background carrier reser-
voir and two scattered polariton beams, symmetric with
respect to the incoming polariton beam, can be seen.
Further, the scattering angle α increases with excitation
power of the Gaussian laser beam due to larger density
of background carriers which causes an increase of the
scattering potential height and lateral size.
An evaluation of the scattering geometry reveals a scat-
tering angle of 30◦ even for low excitation powers of
P = 0.2 Pthr [Fig 2 (b)] of the Gaussian laser spot, where
Pthr denotes the condensation threshold under excitation
with the Gaussian laser spot only. For lower powers,
no significant deflection or amplification of the polari-
ton beam has been observed. With increasing potential
height the scattering angle grows rapidly and exhibits a
saturation value of roughly 60◦ [Fig 2 (d)].
For the purpose of signal amplification by background
excitons it would be beneficial to be able to switch off
the repulsive interaction between polariton condensates
and background carriers to generate gain without per-
turbation of the polariton beam. The repulsive potential
mediated by background carriers is known from photolu-
minescence measurements to be on the order of 5 meV
in the kind of GaAs-based microcavity used here13,23. In
the following we will locate the background carriers pro-
viding gain for the polariton beam in an attractive po-
tential environment of the same order of magnitude. As
described before, this can be realized by polariton-traps
consisting of a circular-shaped region with elongated cav-
ity layer. Here, the attractive potential is mediated by
the photonic fraction of the LP.
Fig. 3 shows two-dimensional polariton distributions
occurring in this experimental geometry. For compara-
bility with the reference sample, a sample position with
similar LP excitonic fraction of 4% at zero momentum
and the same excitation pattern as used for the planar
microcavity reference sample [Fig. 1] are chosen. The po-
lariton beam is generated outside of the polariton trap,
which is d = 30 µm in diameter [indicated by the white
dashed line in Fig. 3]. The beam is partly transmitted
into the polariton trap [Fig. 3 (a)] and can be amplified by
adding a Gaussian laser spot within the trap [indicated
by the solid circle in Fig. 3 (b)]. As becomes evident
from the experimental data [Fig. 3 (b)-(d)], the polari-
ton beam is largely amplified with increasing excitation
power of the Gaussian laser spot without deflection of
the polariton beam.
For a more detailed analysis we have investigated an
energy resolved cross-section [indicated by the white rect-
angular box in Fig. 3 (a)] of the propagating polariton
beam [Fig. 4]. Clearly, the polariton beam flows ballisti-
cally over the polariton trap without scattering into lower
energy polariton states of the trap [Fig. 4 (a)]. This find-
ing agrees with earlier observations where inefficient scat-
tering between delocalized 2D-states and confined states
in the polariton trap has been observed24.
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FIG. 2. (Color online) Polariton condensate distribution for different excitation power levels of the Gaussian laser spot. (a)
Without scattering potential the polariton beam leaves the trap without further deflection in Ly-direction. (b)-(d) With applied
repulsive potential pronounced scattering of the polariton beam is observed.
When the Gaussian laser beam is turned on with power
levels near the condensation threshold of the trapped po-
lariton states, the polariton flow within the polariton
trap gets amplified significantly [Fig. 4 (b)]. Interest-
ingly, even for an excitation power of the Gaussian laser
spot above the condensation threshold of the polariton
trap, solely the delocalized 2D polariton beam is am-
plified without population of trapped polariton states
[Fig. 4 (c)]. Only for the case of an excitation power
level chosen significantly above condensation threshold,
the trapped states are dominantly populated [Fig. 4 (d)].
For an evaluation of the amplification of the polariton
beam by the Gaussian laser spot, we have integrated the
number of counts of the CCD camera around the location
4FIG. 3. (Color online) Generation of a directed polariton beam in the vicinity of a polariton trap. The diameter of the trap
amounts to d = 30 µm and is indicated by the white dashed line. The location of the Gaussian laser spot is denoted by the white
circle in panel (b). (a) Polariton condensate distribution with Gaussian laser spot turned off. (b)-(d) Polariton condensate
distribution with Gaussian laser spot at different excitation power levels. Spectral resolution is provided by an interference
filter centered at 1570.2 meV with a FWHM of 2 meV.
of the Gaussian laser spot in the spectral region of the
free propagating polariton condensate [indicated by the
red box in Fig. 4 (d)]. By normalization to the number of
counts without excitation of the Gaussian laser spot, the
gain of the signal can be estimated. For low excitation
power levels below 50% of the condensation threshold
of the trapped polaritons, no significant increase of the
2D polariton beam is observed [Fig. 5 (a)]. At higher
excitation power levels a linear response can clearly be
seen, allowing for the realization of a signal gain up to
a factor of 7. Furthermore, condensation of the trapped
states sets in only at an increased excitation power of
3 Pthr [Fig. 5 (b)] with respect to the situation when
no polariton beam is injected into the trap. To reveal
further insights into the interplay between background
carriers, trapped polaritons and the polariton beam we
have additionally performed one-dimensional numerical
simulations.
Our theoretical approach is based on an extended
Gross-Pitaevski equation for the coherent polariton field
Ψ(x, t), including the interaction with incoherent exci-
tons. For the latter we consider a two-reservoir model,
comprising “active” excitons nA(x, t), able to undergo
stimulated scattering into the coherent condensate, and
“inactive” excitons nI(x, t), which do not fulfill the en-
ergy and momentum conservation for this process25. For
legibility, the spatial and temporal dependence is omitted
from here on. The coupled dynamics of polaritons and
excitons in real space and time domain are given by13:
i~
∂
∂t
Ψ =
(
H− i
(
γp − γ
2
nA
)
+ Vtrap
)
Ψ + α1|Ψ|2Ψ
+ (α2nA + α3nI) Ψ− iΛ (nA + nI)HΨ, (1)
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FIG. 4. (Color online) Spectrally resolved cross-section of a sample region 1 µm in diameter centered around the polariton
beam propagating in Lx-direction as indicated in Fig. 3 (a) by the white box. The white dashed line indicates the boundary
of the polariton trap. Excitation power levels of the Gaussian laser spot are the same as in the corresponding panels of Fig. 3.
The red box indicates the integration area on the CCD chip used for the analysis of the gain presented in Fig. 5 (a).
i~
∂
∂t
nA = −iγ|Ψ|2nA − iγAnA + iτnI , (2)
i~
∂
∂t
nI = −iτnI − iγInI . (3)
Here, H denotes the free particle Hamiltonian H =
− ~22mp ∂
2
∂x2 with the effective massmp = 0.2 meVps
2µm−2.
The repulsive polariton-polariton interaction is included
by α1 = 0.0024 meVµm, the interaction between polari-
tons and reservoir by α2 = 0.008 meVµm and α3 = 0.008
meVµm for active and inactive excitons, respectively.
Polaritons decay with the rate γp = 0.1 meV, and the
loss of active and inactive excitons amounts to γA = 0.01
meV and γI = 0.0013 meV, respectively. The conden-
sate is amplified by active excitons in terms of a stimu-
lated scattering process with γ = 0.012 meVµm. The ac-
tive reservoir, however, is fed by inactive excitons, turn-
ing into active excitons with the constant rate τ = 0.3
meV. A relaxation mechanism is included by the term
Λ = 2.5 · 10−5µm. The initial density of propagating
polaritons is 106cm−1. Further details on the theoret-
ical model and on the condensation process for pulsed
excitation are given in Ref. 13.
In the simulations, an initial polariton condensate is
propagating with a momentum k = 1.5 µm−1 corre-
sponding to an energy of 2.4 meV above the polariton
ground state against a potential trap. The size of the
photonic potential Vtrap is 30 µm with a depth of 4 meV
in accord with the experimental situation. In addition,
an inactive exciton reservoir with a narrow Gaussian
shape - the target - is applied inside the trap which cor-
responds to the Gaussian laser beam in the experiment.
The time integrated polariton density after propagation
through the whole trap is shown in Fig. 6. The results are
shown for different target densities: without applied tar-
get, the condensate propagates ballistically through the
trap without any relaxation into trapped polariton states
[Fig. 6 (a)] as observed in the experiment [Fig. 4 (a)].
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FIG. 5. (a) Number of counts within the area indicated by the
red box in Fig. 4 (d) normalized by the number of counts with-
out excitation of the Gaussian laser spot. The black dashed
line is a guide to the eye. (b) Signal intensity arising from all
trapped polariton states. Excitation power is normalized to
the polariton condensation threshold of the trapped polariton
states under excitation with the Gaussian laser spot only.
If the target is switched on, the propagating polariton
condensate is amplified due to stimulated scattering of
background carriers in the active reservoir [Fig. 6 (b)-
(d)]. The amplification of propagating polaritons and
the time-integrated density of the trapped condensate
intensity are shown in Fig. 7 (a) and (b), respectively. In
agreement with the experimental observation, the con-
densation threshold for the trapped states is shifted to
higher power levels when a propagating polariton conden-
sate is injected into the trap [Fig. 7 (b)]. Furthermore,
our calculations also indicate a regime of monotonously
growing amplification of the propagating polariton con-
densate up to 2.3 Pthr [Fig. 7 (a)]. However, above 2.3
Pthr a regime of decreasing amplification can be seen,
which has not been observed in the experiment. Remark-
ably, although our model is simple, the main features
of our experiment, namely the shift of the condensation
threshold of the trapped states to higher power levels
as well as the amplification of the propagating conden-
sate are recovered which allows for the following inter-
pretation of our observations: the relaxation dynamics
of background carriers are modified due to the presence
of a polariton beam penetrating into the trap. Here,
scattering into untrapped states depopulates the back-
ground carrier reservoir, which causes an increase of the
condensation threshold of the trapped polaritons com-
pared to the situation when no macroscopic population
of untrapped states is present. In the simulations, the
observed decrease of amplification of the polariton beam
indicates a competition between spontaneous condensa-
tion process into trapped states and the amplification of
the polariton beam occurring for high excitation power
levels. However, the available power in the experiment
did not allow for approaching this regime which should
be investigated in future work.
For operation as an amplifier a trade-off between max-
imum signal gain and a minimum generation of poten-
tially unwanted polariton population in the trap has to
be chosen, which lies in a range between 0.8 Pthr and
3 Pthr in the experiments presented here. Additionally,
our approach might also be considered as a simple switch-
ing device as the propagating condensate is able to turn
off the population of trapped states in the power range
of 1− 3 Pthr.
In conclusion, a novel type of polariton amplifier has
been presented. Using polariton traps, the repulsive in-
teraction between background carriers and polariton con-
densates can be turned off allowing for polariton beam
amplification without distortion. This finding might be
of relevance for long range signal transmission in polari-
tonic logic circuits.
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FIG. 6. Calculated spatial resolved polariton distribution for four different target densities. Target densities are normalized
to condensation threshold of the trapped states without impinging polariton beam. The potential geometry of the trap is
indicated by the white line.
5 T. Jacqmin, I. Carusotto, I. Sagnes, M. Abbarchi, D. D.
Solnyshkov, G. Malpuech, E. Galopin, A. Lemaˆıtre,
J. Bloch, and A. Amo, Phys. Rev. Lett. 112, 116402
(2014).
6 C. Schneider, K. Winkler, M. D. Fraser, M. Kamp, Y. Ya-
mamoto, E. A. Ostrovskaya, and S. Ho¨fling, ArXiv e-prints
(2015), arXiv:1510.07540 [cond-mat.quant-gas].
7 S. I. Tsintzos, N. T. Pelekanos, G. Konstantinidis, Z. Hat-
zopoulos, and P. G. Savvidis, Nature 453, 372 (2008).
8 C. Schneider, A. Rahimi-Iman, N. Y. Kim, J. Fischer, I. G.
Savenko, M. Amthor, M. Lermer, A. Wolf, L. Worschech,
V. D. Kulakovskii, I. A. Shelykh, M. Kamp, S. Reitzen-
stein, A. Forchel, Y. Yamamoto, and S. Hofling, Nature
497, 348 (2013).
9 T. Espinosa-Ortega and T. C. H. Liew, Phys. Rev. B 87,
195305 (2013).
10 C. Sturm, D. Tanese, H. S. Nguyen, H. Flayac, E. Ga-
lopin, A. Lemaˆıtre, I. Sagnes, D. Solnyshkov, A. Amo,
G. Malpuech, and J. Bloch, Nat Commun 5, 3278 (2014).
11 T. Gao, P. S. Eldridge, T. C. H. Liew, S. I. Tsintzos,
G. Stavrinidis, G. Deligeorgis, Z. Hatzopoulos, and P. G.
Savvidis, Phys. Rev. B 85, 235102 (2012).
12 D. Ballarini, M. De Giorgi, E. Cancellieri, R. Houdre´,
E. Giacobino, R. Cingolani, A. Bramati, G. Gigli, and
D. Sanvitto, Nat Commun 4, 1778 (2013), article.
13 J. Schmutzler, P. Lewandowski, M. Aßmann, D. Niemietz,
S. Schumacher, M. Kamp, C. Schneider, S. Ho¨fling, and
M. Bayer, Phys. Rev. B 91, 195308 (2015).
14 E. Desurvire, J. R. Simpson, and P. C. Becker, Opt. Lett.
12, 888 (1987).
15 A. Amo, D. Sanvitto, and L. V. na, Semicond. Sci. Tech-
nol. 25, 043001 (2010).
80 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 01 . 0
1 . 5
2 . 0
2 . 5
0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 00
2
4
6
 
 
Inte
nsit
y 1D
/1D
P=0
E x c i t a t i o n  p o w e r  P / P t h r 
 
 Int
ens
ity t
rap
ped
 sta
tes 
[a.u
.]
E x c i t a t i o n  p o w e r  P / P t h r
FIG. 7. Shown is the time integrated density of the propagat-
ing (a) and trapped polariton condensate (b) dependent on
the target power. The target power is normalized to the con-
densation threshold without any competitive polariton prop-
agation (Pthr). The increased condensation threshold in pres-
ence of a propagating condensate is indicated by black dashed
lines.
16 C. Adrados, T. C. H. Liew, A. Amo, M. D. Mart´ın, D. San-
vitto, C. Anto´n, E. Giacobino, A. Kavokin, A. Bramati,
and L. Vin˜a, Phys. Rev. Lett. 107, 146402 (2011).
17 M. Sich, D. N. Krizhanovskii, M. S. Skolnick, A. V. Gor-
bach, R.Hartley, D. V. Skryabin, E. A. Cerda-Mendez,
K. Biermann, R. Hey, and P. V. Santos, Nat Photon 6, 50
(2012).
18 E. Wertz, A. Amo, D. D. Solnyshkov, L. Ferrier, T. C. H.
Liew, D. Sanvitto, P. Senellart, I. Sagnes, A. Lemaˆıtre,
A. V. Kavokin, G. Malpuech, and J. Bloch, Phys. Rev.
Lett. 109, 216404 (2012).
19 J. Fischer, I. G. Savenko, M. D. Fraser, S. Holzinger,
S. Brodbeck, M. Kamp, I. A. Shelykh, C. Schneider, and
S. Ho¨fling, Phys. Rev. Lett. 113, 203902 (2014).
20 K. Winkler, J. Fischer, A. Schade, M. Amthor, R. Dall,
J. Geßler, M. Emmerling, E. A. Ostrovskaya, M. Kamp,
C. Schneider, and S. Ho¨fling, New Journal of Physics 17,
023001 (2015).
21 M. Vladimirova, S. Cronenberger, D. Scalbert, K. V. Ka-
vokin, A. Miard, A. Lemaˆıtre, J. Bloch, D. Solnyshkov,
G. Malpuech, and A. V. Kavokin, Phys. Rev. B 82, 075301
(2010).
22 E. Wertz, L. Ferrier, D. D. Solnyshkov, R. Johne, D. San-
vitto, A. Lemaitre, I. Sagnes, R. Grousson, A. V. Kavokin,
P. Senellart, G. Malpuech, and J. Bloch, Nat. Phys. 6,
860 (2010).
23 J. Schmutzler, T. Kazimierczuk, O. Bayraktar, M. Aß-
mann, M. Bayer, S. Brodbeck, M. Kamp, C. Schneider,
and S. Ho¨fling, Phys. Rev. B 89, 115119 (2014).
24 T. K. Para¨ıso, D. Sarchi, G. Nardin, R. Cerna, Y. Leger,
B. Pietka, M. Richard, O. El Da¨ıf, F. Morier-Genoud,
V. Savona, and B. Deveaud-Ple´dran, Phys. Rev. B 79,
045319 (2009).
25 K. G. Lagoudakis, F. Manni, B. Pietka, M. Wouters,
T. C. H. Liew, V. Savona, A. V. Kavokin, R. Andre´, and
B. Deveaud-Ple´dran, Phys. Rev. Lett. 106, 115301 (2011).
